Nuclear hormone receptors are transcription factors which activate transcription of their target genes upon ligand binding. The nuclear receptors can be divided into two subgroups. One subgroup includes the receptors for steroid hormones, e.g., glucocorticoid receptor (GR), estrogen receptor (ER), and progesterone receptor. These receptors are associated with heat shock protein 90 in the non-ligand-bound form and bind after induction by hormone to palindromic recognition sites as homodimers. The members of the other subgroup do not interact with heat shock protein 90 and bind preferentially to direct repeats as heterodimers with retinoid X receptor (RXR) (28) . To this group belong, among others, the receptors for thyroid hormone (TR), retinoids (retinoic acid receptor [RAR] and RXR), vitamin D 3 , and peroxisome proliferators (PPAR). Nuclear hormone receptors are composed of three domains: an N-terminal domain containing a transactivation function (AF-1), a DNA binding domain (DBD) harboring two zinc finger motifs, and the C-terminal ligand binding domain (LBD), which contains the dimerization interface and a second activation domain (AD), AF-2, responsible for ligand-induced activation (2, 4, 12, 13) .
Some receptors negatively influence transcription as repressors in the absence of hormone by association with corepressors (9, 20, 23, 31, 33, 34, 47, 48) . In the presence of hormone, the corepressors are displaced, and by the subsequent recruitment of coactivators, nuclear receptors exert their positive effects on gene transcription. It has been shown that the binding of coactivators depends on the integrity of helices 11 and 12, located at the C-terminal ends of the receptors (15, 21) . A deletion of helix 12, also described as AF-2 AD, c, or Tau 4, generates a dominant negative receptor with high affinity to corepressors (2, 11, 32) . After ligand binding, the LBDs of nuclear receptors undergo a conformational change. Mainly affected by this structural rearrangement is helix 12, which in the non-ligand-bound state protrudes from the LBD into the aqueous phase but which in the ligand-bound conformation is tightly associated with the ligand binding pocket and helices 3 and 4. This modifying effect on the receptor structure exerted by the ligand is a very conserved mechanism within the group of ligand-dependent nuclear hormone receptors and is probably a prerequisite for coactivator interaction.
Various AF-2 AD-dependent coactivators have been identified by yeast two-hybrid screening or far-Western expression cloning. One group of coactivators, including SRC-1/NCoA-1 (29, 38) , TIF2/GRIP1/NCoA-2 (19, 38, 40) , and p/CIP/RAC3/ ACTR/AIB1 (1, 8, 27, 38) , consists of proteins of about 160 kDa. They share an N-terminal basic helix-loop-helix region, regions of high similarity to PAS A and PAS B domains of PAS/basic helix-loop-helix factors (15a) , and a C-terminal glutamine-rich region. It was shown that all three members can coactivate nuclear hormone receptors in yeast and in mammalian cells in a hormone-and AF-2 AD-dependent manner. Several members possess a transactivation function active in yeast as well as in mammalian cells (18, 29, 38, 40) . It was demonstrated that SRC-1 can interact with TBP and TFIIB (36) . Furthermore, interaction with CBP/p300 as well as with P/CAF was proven, indicating a complex of mutually interacting factors. Besides interactions with downstream targets, a histone acetylase function was demonstrated for the related proteins SRC-1 and ACTR and previously also for CBP and p300 (3, 8, 35) . A possible mechanism of coactivation by the SRC-1-related proteins may therefore be a targeted change of chromatin structure, a process thought to be involved in regulation of gene expression by nuclear hormone receptors (39, 45) . This possibility is strengthened by the finding that the corepressors SMRT and N-CoR form complexes with Sin3 and proteins which are involved in histone deacetylation, a possible mechanism for gene repression (17, 44) .
Recently the short motif LXXLL was identified, within nearly all cofactors, to be indispensable for the interaction with hormone receptors. This motif was first described for TIF1 and designated the NR box (16, 24) . Each of the three SRC-1-related coactivators contains several of these motifs. The central interaction domain (IAD) contains three boxes in all three related proteins, whereas only SRC-1 contains an additional motif at its very C terminus.
Here we report the cloning of TIF2 from rats and the characterization of its interaction with different nuclear hormone receptors. To gain further insight into receptor-coactivator assembly, we isolated the nuclear receptor IAD of TIF2. We investigated whether each of the three NR boxes is necessary for interaction with nuclear hormone receptors. We demonstrated synergistic binding of all three modules to different receptors as well as specificities of different NR boxes for certain receptors. Additionally, we provide evidence that NR box-containing IADs of different AF-2-dependent cofactors are able to compete for binding to the nuclear hormone receptor, and furthermore, by analysis of the interaction with heterodimeric DNA-bound receptors, we delineated a novel mechanism of allosteric activation.
MATERIALS AND METHODS
Cloning and mutagenesis of the nuclear receptor IAD. First, pBKCMV HA was constructed by insertion of a double-stranded oligonucleotide (5ЈATCCGC CGCCACCATGGATTACCCATACGACGTCCCAGACTACGCTCAGATC TCCGAATTCC3Ј) encoding a Kozak translation start site in front of the hemagglutinin (HA) epitope into the BamHI/XhoI-linearized pBKCMV vector (Stratagene). pBKCMV HA TIF2 was constructed by insertion of the fused cDNA fragments into the EcoRI site of pBKCMV HA.
The IAD was amplified by PCR with the construct pBKCMV HA TIF2 as the template. The following primers were used: 5Ј primer, 5ЈTCAGAATTCACAA CTGGACAAGCACAGGCC3Ј, and 3Ј primer, 5ЈCTGTCCAACCGCTCGAG TTTGGGGG3Ј Mutated variants of the different modules were constructed by two independent PCRs with the flanking primers indicated above and sets of the following mutagenesis primers: NR box 1ss, 5ЈGGGCAAACCAAACTCCTAC AGGCGGCCACCACCAAGTCCG3Ј; NR box 1as, 5ЈCGGACTTGGTGGTG GCCGCCTGTAGGAGTTTGGTTTGCCC3Ј; NR box 2ss, 5ЈGCATAAGATT TTGCACAGAGCCGCACAGGACAGCAGCTCCCC3Ј; NR box 2as, 5ЈGGG GAGCTGCTGTCCTGTGCGGCTCTGTGCAAAATCTTATGC3Ј; NR box 3ss, 5ЈCGCACTACTGCGCTATGCGGCCGACAAAGATGATACTAAAG3Ј; and NR box 3as, 5ЈCTTTAGTATCATCTTTGTCGGCCGCATAGCGCAGTA GTGCG3Ј. The corresponding PCR products were isolated and fused by an additional PCR with the flanking primers. The products of these PCRs were isolated, EcoRI/XhoI digested, and cloned into pBKCMV HA digested with the same enzymes. Representive clones of each generated mutant were analyzed by sequencing. One positive clone of each mutant was amplified in bacteria and, after preparation of plasmid DNA, used for construction of the different vectors.
Plasmid constructs. The constructs with a GAL4 DBD (amino acids [aa] 1 to 147) fusion were derived from the plasmid pGBT9 or pAS2/2-1 (Clontech). GAL-PPAR␣ LBD (aa 166 to 468), which was used for interaction studies and also served as a bait for the two-hybrid screening, was generated by inserting a PCR fragment into EcoRI/SalI-linearized pGBT9. In addition, all GAL4-receptor LBD fusion proteins, i.e., those with PPAR␣⌬c (aa 166 to 455), rRXR␤ (aa 153 to 451), human TR␣ (hTR␣) (aa 122 to 410), and hGR (aa 485 to 777), were expressed in pAS2-1 after cloning of the corresponding PCR fragments into the EcoRI/SalI-linearized vector. All GAL4 AD (GAD) (aa 768 to 881) fusion constructs were derived from the plasmid pGAD-GH (Clontech). The GAD fusions containing the IAD variants were constructed by EcoRI/XhoI digestion of the corresponding pBKCMV HA constructs and cloning into EcoRI/SalIlinearized pGAD-GH.
The plasmids used for in vitro transcription-translation were created by cloning of PCR-amplified fragments of the following yeast two-hybrid constructs into pBKCMV HA linearized with BamHI/XhoI: GAL4-PPAR␣ (aa 166 to 468), GAL4-PPAR␣⌬c (aa 166 to 455), and GAL4-hTR␣ (aa 122 to 410). The 5Ј PCR primers for GAL4 introduce a Kozak translation start site. pT7-hTR␤ (aa 1 to 410) was received from Stefan Nilsson; pGEM3Z (Promega), containing rRXR␣ (aa 1 to 467) has been described previously; and rRXR␣⌬N (aa 112 to 467) was a gift from D. Feltkamp. Construction of the wild-type IAD of TIF2 (IAD wt) and TIF2 in pBKCMV HA is described above. The SRC-1 construct was a gift from B. W. O'Malley. pEF-RIP140 was a gift from M. G. Parker. The corresponding pBKCMV HA clone was generated by ligation of the PCR product containing the coding region of RIP140 into BglII/XhoI-digested pBKCMV HA. Proteins were synthesized in vitro by using the T3 or T7 RNA polymerase-based rabbit reticulocyte lysate coupled transcription-translation kit (TNT; Promega).
The following glutathione S-transferase (GST) constructs were generated by 6 transformants were plated onto selective SD medium lacking histidine, leucine, and tryptophan and grown for 3 to 5 days at 30°C. Growing colonies were restreaked onto fresh selective plates. The library DNA from all His ϩ colonies was isolated by electroporation of total yeast DNA into Escherichia coli HB101. The transformed bacteria were identified by selection on synthetic M9 medium lacking leucine. After classification by PCR and restriction analysis, the different cDNA inserts were sequenced by using the GAD10 5Ј primer. About 50% of the interacting clones represent the isoforms of RXR. Additionally, the isolated DNAs represent interacting parts of SMRT, N-CoR, an unknown protein, and two clones with high homologies to hTIF2. These two clones represent aa 320 to 1119 and aa 402 to 1464 plus 3Ј the untranslated region of murine TIF2 (mTIF2), respectively. We used 5Ј and 3Ј regions of the clone containing aa 320 to 1119 as radioactively labeled probes to screen a rat liver cDNA library cloned in the -ZAP system (Stratagene) for isolation of the full-length TIF2 sequence. A total of 2 ϫ 10 6 phage were plated and analyzed after filter lift with the radioactive probes. Eighteen different positive clones were isolated by two subsequent screenings and analyzed by sequencing. The full-length rTIF2 sequence was generated by fusing parts of three different overlapping clones by ligation and finally cloning into the EcoRI site of pBKCMV HA.
Yeast two-hybrid interaction assay. A two-hybrid mating assay was used to examine interactions between various GAL4-nuclear receptor fusion proteins and different variants of GAD-NR box fusion proteins. GAD plasmids were introduced into the reporter strain Y187 (MAT␣ ura3-52 his3-200 ade2-101 trp1-901 leu2-3, 112, gal4⌬ met Ϫ gal80⌬URA3::GAL1-lacZ) and selected on plates lacking tryptophan. Growing colonies were mated with HF7c (MATa) carrying the various GAL4 constructs (pGBT9 or pAS2 derivatives) for 12 to 16 h in liquid YPD medium. Selection for the presence of both Leu and Trp plasmids on plates lacking tryptophan and leucine was carried out. The positive clones were used in quantitative liquid ␤-galactosidase assays.
Expression and purification of GST-tagged proteins. E. coli BL218(DE3) carrying the pGEX fusion constructs was grown in Luria-Bertani medium containing 0.5% Casamino Acids and 0.5% glucose at 37°C and were induced with 0.2 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 2 to 3 h at 30°C. Bacteria were harvested by centrifugation and lysed in resuspension buffer (10 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 0.5 mg of lysozyme per ml, 10 mM MgCl 2 , 1 mM MnCl 2 , 10 g of DNase I per ml, 10 g of RNase A per ml) for 30 min with rotation at 4°C. After centrifugation at 10,000 ϫ g for 30 min at 4°C, the lysates were frozen or immediately used for the binding reaction (pull-down assay). To produce pure GST fusion protein for gel shift assays, supernatants from ca. 500 ml of culture were mixed with 0.5 ml of glutathione-Sepharose 4B (Pharmacia) for 2 h at 4°C. The beads were washed three times with phosphatebuffered saline, eluted with 4 volumes of 10 mM glutathione in 50 mM Tris (pH 8.0), and stored at Ϫ70°C. GST fusion protein concentrations were determined by the Bradford dye-binding procedure (Bio-Rad Laboratories). To produce pure NR box protein for GST competition experiments, the beads were washed three times with buffer containing 50 mM Tris-Cl (pH 7.5) and 150 mM NaCl, washed once with cleavage buffer containing in addition 2.5 mM CaCl 2 , and then cleaved with thrombin in a small volume of cleavage buffer containing 1 l of thrombin (1 U/l; Sigma) per 10 ml of bacterial culture for 2 h at room temperature.
In vitro protein-protein interaction assay (GST pull-down assay). Approximately 5 g of GST fusion protein was bound to glutathione-Sepharose 4B beads (Pharmacia). The beads were incubated for 2 h with 2 l of [
35 S]methioninelabeled protein generated in rabbit reticulocyte lysate by using the TNT coupled in vitro transcription-translation system (Promega) in the presence of 1 l of ligand in dimethyl sulfoxide (DMSO) (final concentration, between 1 and 100 M) or DMSO alone in a total volume of 200 l of incubation buffer (50 mM KPi [pH 7.4], 100 mM NaCl, 1 mM MgCl 2 , 10% glycerol, 0.1% Tween 20, 1.5% bovine serum albumin [BSA] ) with rotation at 4°C. Beads were separated by centrifugation and washed three times for 15 min each with incubation buffer without BSA. Washed beads were resuspended in 50 l of 1 ϫ sodium dodecyl sulfate sample buffer, and an aliquot was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Before autoradiography, gels were stained with Coomassie blue to control for the stability of the GST fusion proteins and equal loading.
GST pull-down competition assay. Approximately 1 g of GST-TR bound to glutathione-Sepharose 4B beads was incubated with 1 l of NR box protein (about 4 g/l) for 1 h at 4°C in the presence of the corresponding hormone. The in vitro-translated protein was then added, and the protocol for the abovedescribed GST pull-down method was followed.
Electrophoretic mobility shift assays. TR␤ and RXR␣⌬N were synthesized in rabbit reticulocyte lysate by using the TNT coupled in vitro transcription-translation system (Promega). Double-stranded oligonucleotides (1 g) (synthetic DR4-TRE 5ЈTCGATCAGGTCATTTCAGGTCAGAG3Ј) were end labeled with [␥-32 P]ATP. Binding reactions were performed in a total volume of 20 l including 1ϫ reaction buffer [5% glycerol, 5 mM dithiothreitol, 5 mM EDTA, 250 mM KCl, 100 mM HEPES (pH 7.5), 1 g of poly(dI-dC), 25 mM MgCl 2 , 1 mg of BSA per ml, 0.05% Triton X-100], 0.5 ng of labeled probe, 2 l of each in vitro-translated receptor protein, and, where indicated, 1 l of ligands in DMSO. Finally, the purified GST fusion protein (10 to 500 ng/reaction) was added as indicated in Results. In the case of the pure proteins, 500 ng of IAD wt and box 2 and 2,500 ng of box 3 were added. The binding reaction was allowed to proceed for 20 min on ice before the reaction mixtures were loaded on a 4% nondenaturing polyacrylamide gel containing 5% glycerol. After electrophoresis for 2 h in 0.5ϫ Tris-borate-EDTA at 4°C, the gels were dried and autoradiographed.
RESULTS
Nuclear hormone receptors may stimulate basal transcription upon activation by their corresponding hormones. This effect may be enhanced by so-called coactivators, which interact with the hormone-bound receptors and are thought to constitute a bridge between the hormone receptor and transcription initiation complex. To get further insights into receptor-coactivator assembly and function, we screened a mouse embryo library for interacting proteins by using the yeast twohybrid system. For this screening we used the LBD of PPAR␣ fused to the GAL4 DBD as a bait and identified various PPAR-interacting proteins. Two of these PPAR-interacting proteins represented fragments highly homologous to the coactivator hTIF2 (40) . The first one encoded aa 321 to 1119 of mTIF2, a clone also identified in a yeast two-hybrid screening with the LBD of GR as a bait (19) . The second clone encoded the C-terminal end of mTIF2 corresponding to aa 402 to 1464 and additionally represented the full 3Ј untranslated region. These cDNAs were used in a screening of a rat liver library for isolation of the rat homolog of hTIF2 (Fig. 1A) .
The overlapping region of both screened mTIF2 clones, aa 402 to 1119, presumably includes the IAD responsible for receptor binding. By comparison of this putative TIF2 IAD with the RAR IAD of SRC-1 (45a) we identified three small motifs as the only highly conserved amino acid residues in both corresponding parts of TIF2 and SRC-1. These motifs comprise an LXXLL sequence, and its importance for receptor interaction is consistent with the finding of one single such module in TIF1 (24) . In contrast to SRC-1, which contains an additional fourth motif at its C terminus (16, 29) , TIF2 harbors only these three elements in its predicted receptor IAD, which we therefore narrowed down to aa 594 to 766 (Fig. 1 ). During preparation of this paper, publications from other groups appeared describing these motifs as NR boxes. NR boxes are found in a large variety of LBD/AF-2-interacting proteins. (16, 24) .
We wondered whether these motifs are necessary and sufficient for receptor binding or whether other parts within the receptor IADs of coactivators also contribute to receptor interaction. We therefore tested a variant of the IAD-containing mutated NR boxes. All three motifs were altered to LXXAA, a change influencing putative hydrophobic interactions. This mutant (IAD Mut 123) (Fig. 1B ) was compared with IAD wt for interaction with hormone receptors in in vitro GST pulldown experiments (Fig. 2 ) as well as in in vivo yeast two-hybrid assays (Fig. 3 ). In the GST pull-down assay IAD wt, fused to GST, interacts with each tested in vitro-translated receptor, i.e., PPAR␣ ( Fig. 2A) , RXR␣ (Fig. 2B ), and TR␣ (Fig. 2C ). The interactions with PPAR␣ and RXR␣ strongly depend on the presence of hormone; hormone-independent interactions with these receptors were not detectable in this assay (compare lanes 3 and 4 in Fig. 2) . A hormone-independent interaction with TR␣ was found, but it was quite insignificant compared with the ligand-induced interaction (Fig. 2C, lanes 3 and 4) . In contrast to IAD wt, the variant IAD Mut 123 failed to interact with the LBD of any receptor in the presence of hormone (Fig.  2, lane 5) indicating the requirement for a correct NR box sequence for receptor interaction in vitro. In yeast, IAD wt also interacted with all tested nuclear hormone receptors (Fig. 3) . It is known that PPAR␣ ligands have no or very low effects in yeast systems. All other tested receptors exhibited a much stronger IAD wt interaction in yeast in the presence of the respective hormone. However, in contrast to our in vitro results, relatively strong interactions in the absence of the cognate ligands were also seen for TR and RXR. Only the binding to GR was restricted to occurring in the presence of hormone. Apparently, the IAD of TIF2 has a certain capacity to bind some unliganded receptors in yeast, possibly due to by the presence of endogenous ligands or improper folding of the nuclear receptors, leading to a quasi-hormone-bound structure (Fig. 3A) .
Also in the yeast two-hybrid assay, the mutated IAD failed to interact with any receptor even in the presence of hormone, strengthening the notion of the importance of the three NR boxes for receptor interaction as demonstrated by the GST pull-down experiments (Fig. 3B) .
The nuclear receptors TR and PPAR exert their positive effects on gene transcription upon heterodimerization with RXR. To investigate whether TIF2 also binds a heterodimeric complex attached to DNA, we used full-length TR and RXR bound to a radioactively labeled DR4 in a gel retardation (band shift) assay. Whereas the E. coli-expressed IAD of TIF2 failed to interact with the heterodimer in the absence of hormone, it completely supershifted the dimer, by forming a ternary complex, in the presence of both corresponding hormones (Fig. 4, lanes 3 and 4) . Consistent with the two-hybrid and pull-down assay results, in this assay also there was no receptor interaction of the variant IAD Mut 123 (Fig. 4, lane 11 ).
An additional, NR box-independent interaction function within the IAD was not detectable by any of the approaches used. Hence, the LXXLL motifs within the IAD of TIF2 are necessary and sufficient for hormone-dependent interaction with nuclear receptors.
Whereas the leucine residues of the LXXLL motif are conserved among all NR box-containing proteins, the amino acid residues between the leucine residues as well as the adjacent sequences are heterogeneous. These residues also differ among the three motifs within TIF2. We wondered whether these differences may contribute to variations in receptor interaction among the three NR boxes. By analysis of mutations within the LXXLL motif, we investigated whether every single box is necessary for binding to receptors. Furthermore, we examined whether there is a specificity of these NR boxes for certain receptors. To test the influence of each motif, we mutated each box and analyzed it in the context of the entire IAD (Mut 1, 2, and 3) (Fig. 1B) . In addition, by fusing two mutated boxes, we generated variants of the IAD containing only one functional motif (box 1, 2, and 3) (Fig. 1B) . The resulting eight different variants (Fig. 1B) were fused to GST and subsequently analyzed in vitro in GST pull-down assays for interaction with in vitro-translated PPAR␣, RXR␣, and TR␣ (Fig. 5) . Equal amounts of protein were loaded as determined by Coomassie blue staining prior to autoradiography (data not shown). A single mutation of any motif did not show significant influence on receptor interaction. We assume that due to the large excess of GST fusion protein, even weak interactions are sufficient to be detected in GST pull-down assays. Mutation of two modules within the IAD strongly affects the interaction in the pull-down experiment. For PPAR␣, NR box 2 binds best (Fig. 5A, lane 8) , and motif 3 still has capacity for binding (Fig.  5A, lane 9) , whereas NR box 1 alone only shows very weak interaction (Fig. 5A, lane 7) . The interactions with RXR␣ and TR␣ yielded about the same results ( Fig. 5B and C) . However, the interactions seen with the variants carrying two mutations seem to be stronger than those with PPAR␣, indicating a higher capacity of each individual NR box for binding to those receptors.
To gain further insight into the involvement of different hormones in coactivator-receptor interaction on a hetero- FIG. 1. ( A) The upper sequence shows the amino acid sequence of TIF2. Differences in hTIF2 are shown below this sequence. IAD wt is marked by a grey box. The three NR boxes located within the IAD are marked by black boxes. The three NR boxes, beginning with the N-terminal one, are NR box 1, NR box 2, and NR box 3, respectively. (B) Different variants of the IAD wt were constructed by replacement of two Leu residues by Ala residues within the LXXLL motif as indicated. By mutation of only one box within the otherwise intact IAD, we generated variants named Mut 1, 2, and 3. Mutations of two boxes led to variants harboring only one functional box, named boxes 1, 2, and 3. The variant carrying mutations of all three NR boxes was named IAD Mut 123. dimeric complex, we performed band shift assays with TR␤-RXR␣ heterodimers on a DR4 element and the different variants of the TIF2 IAD. IAD wt bound to the receptor in the presence of both corresponding hormones, as described above (Fig. 4, lanes 3 and 4) . The variants containing only one mutated box exhibited the same binding pattern as IAD wt (Fig.  4, lanes 5 to 7) . In contrast, the variants carrying only one functional box acted differently (Fig. 4, lanes 8 to 10) . Box 1 was not able to interact when tested alone (Fig. 4, lane 10) . In contrast, box 2 behaved similarly to IAD wt and bound strongly to the heterodimer (Fig. 4, lane 9) . Interestingly, the capacity of box 3 to upshift the receptor dimer was apparently lower than that of box 2 but still detectable. The supershift with IAD wt and box 2 was formed only weakly by box 3 (Fig. 4, lane 8) . A lower band appeared to migrate between the receptor dimer and the supershift. This intermediate band probably represented a trimer consisting of the receptor dimer and one molecule of TIF2 IAD, whereas the upper shift resulting from addition of IAD wt or box 2 represented a tetrameric association between the two receptors and two molecules of TIF2 IAD. Furthermore, we conclude that there are differences in affinities between the three boxes for binding to heterodimeric, DNA-bound receptors. Whereas box 2 showed nearly wildtype affinity, box 3 interacted only weakly. NR box 1 alone has no capacity for interaction, but it contributes in concert with NR box 3 to the resulting interaction (Fig. 4, lane 6) . The variant Mut 2 contains functional NR boxes 1 and 3. The supershift with Mut 2 differs from that of NR box 3 alone (Fig.  4, lane 8) indicating a cooperative effect of NR box 1 in conjunction with NR box 3. The single elements thus have different affinities to the heterodimer, in line with the results from the GST pull-down experiment.
Because of the high molar excess of bacterially expressed protein compared to the in vitro-translated receptors, slight differences in interaction affinities are difficult to detect in GST pull-down and band shift experiments. To study differences in interactions at an approximately 1:1 ratio of the proteins, we analyzed the IAD variants in the yeast two-hybrid assay. These experiments were carried out by using the LBDs of different nuclear receptors fused to the GAL4 DBD and with the variants of the IAD fused to the GAD. In comparison to IAD wt, every IAD variant harboring a single mutated box strongly affected the binding to PPAR␣ (Fig. 6) . Mutation of NR box 2 had the largest influence on the interaction with PPAR␣, reducing the relative ␤-galactosidase activity to about 2% of that with IAD wt (Fig. 6A ). In line with this, only NR box 2 was capable of interacting with PPAR␣ LBD when it was tested as a single functional motif. The addition of all three single interaction capacities of each NR box does not result in the 100% interaction measured with IAD wt. Therefore, binding 2) and GST-IAD wt (lanes 3 and 4) with the heterodimer were analyzed in the absence or presence of both T3 (100 M) and 9-cis-retinoic acid (9-cis RA) (100 M), as indicated. The interactions with the mutated variants were analyzed in the presence of both hormones.
FIG. 5. The in vitro interaction of TIF2 with different nuclear receptors depends on the integrity of the NR boxes. PPAR␣ (A), RXR␣ (B), and TR␣ (C) were in vitro translated in the presence of [
35 S]methionine and analyzed with the indicated GST fusion proteins bound to glutathione-Sepharose beads in a pulldown assay for interaction with different IAD variants as indicated. The interaction was analyzed in the presence of the corresponding ligand. The experimental conditions were otherwise similar to those described in the legend to Fig.  3. of the three motifs to PPAR␣ seems to involve significant cooperative interactions.
For TR␣ also, NR box 2 seem to be the most important motif, followed by NR box 3, whereas NR box 1 has a low capacity for interaction. In that way, the different NR boxes interacted similarly with TR␣ as with PPAR␣. However, the variants containing mutations in single boxes have weaker effects than they have on the interaction with PPAR␣. In line with this, box 3 had a comparatively high capacity for interaction, and box 2 interacted with TR␣ with about 75% of the affinity of IAD wt (Fig. 6B) .
In the case of RXR␤, differences in NR box interactions compared to those with PPAR␣ and TR␣ were seen. For instance, NR box 1 appears to be the most important motif. Moreover, all three NR boxes were relatively equally efficient in interaction with RXR␤ compared with all other tested receptors (Fig. 6C) .
Strikingly, the interaction results with GR differ from those obtained with PPAR␣, TR␣, and RXR␤. NR box 2 seems to have no effect on GR interaction, whereas in the case of PPAR␣ and TR␣, this motif is the most important one. Accordingly, NR boxes 1 and 3 together synergistically interact with the same efficiency as IAD wt, obviously not due to additive single effects, but in a cooperative manner (Fig. 6D ).
In conclusion, there are binding specificities for the different motifs within the interaction domain of TIF2. NR box 1 has a relative preference for binding to RXR␤, NR box 2 has a preference for binding to PPAR␣ and TR␣, and NR box 3 has a preference for binding to GR. Moreover, NR boxes bind to GR and PPAR␣ in a cooperative manner, whereas the interaction with TR␣ and RXR␤ is based on additive effects of single elements, indicating different binding mechanisms in coactivator interactions with different receptors.
The motif LXXLL, which is responsible for protein-protein interaction, is present in different LBD/AF-2-interacting proteins. In this paper we have demonstrated certain preferences of different NR boxes for different receptors, but we also state that IAD wt binds in a promiscuous manner to every receptor we tested. Accordingly, we questioned whether TIF2 interferes with the binding of other NR box-containing proteins to nuclear receptors. To test this, we expressed IAD wt as a GST fusion protein in E. coli. After purification and cleavage with thrombin, this protein was used in a competition experiment in a GST pull-down assay. In this assay we used GST-TR and the in vitro-translated interacting proteins RIP140 (7, 25) , SRC-1, and TIF2, as well as IAD wt of TIF2 as a positive control. In addition, we examined whether the GST-TR binding of RXR␣, the heterodimeric partner of TR␣, is inhibited by an excess of IAD wt protein (Fig. 7) . The binding of all interacting proteins was dependent on the presence of T3. In contrast, the binding of RXR␣ to TR␣ was hormone independent (Fig. 7E,  lanes 3 and 4) . The addition of purified IAD wt protein (Fig.  7A, lane 5) abolished the binding of in vitro-translated IAD wt, as expected because of the excess of E. coli-expressed protein.
The interaction with TIF2 also was abolished, indicating that there are no other interaction motifs in TIF2 within the regions N and C terminal to the IAD (Fig. 7B, lane 5) . The interaction of the TIF2-related protein SRC-1 was also inhibited. Even the binding of cofactor RIP140, which contains at least nine different NR boxes (7, 16, 25) , was efficiently competed by the IAD of TIF2 (Fig. 7C and D, lanes 5) . In contrast, the interaction of RXR␣ with TR␣ was not influenced by the excess of IAD wt protein (Fig. 7E, lane 5) . The same results were obtained when E. coli-expressed RIP140 instead of the TIF2 IAD was used as a competitor (38a) .
The finding that the IAD of TIF2 is able to compete with other coactivators for binding to hormone-bound TR␣ raises the question of whether two different interacting proteins can bind to one receptor at the same time. In a band shift assay we investigated whether TIF2 can compete for binding of RIP140 to the TR␤-RXR␣ heterodimer. Both E. coli-expressed interacting proteins bound hormone dependently to the receptors, resulting in distinguishable supershifts (Fig. 8, lanes 4 and 10) . An increase of TIF2 protein with a given RIP140 concentration in the reaction mixture led to the appearance of the TIF2-receptor supershift, whereas the supershift formed by RIP140 decreased (Fig. 8, lanes 5 to 9) . A 1:1 ratio of the proteins led to similar intensities of the respective supershifted bands (Fig. 8, lane 7) . Accordingly, both TIF2 and RIP140 appear to bind to the receptor heterodimer with about the same affinity. A binding of both interacting proteins at the same time should result in a further upshift of the supershift. This could not been observed, indicating either that both proteins bind to the same site of the heterodimer or that binding of one interacting protein inhibits binding of the other one by steric hindrance or by changing the receptor conformation.
The fact that an IAD of one protein interferes with the binding of other receptor-interacting proteins supports the existence of a general mechanism of NR box binding to nuclear receptors. Furthermore, the finding that the binding of RXR␣ to TR␣ is not affected by NR boxes clearly indicates the existence of at least two different and independent mechanisms of protein-protein interaction: an NR box-dependent interaction between a receptor and an interacting protein and a heterodimeric interaction between two receptors.
Every receptor that we tested is able to interact with TIF2 in a hormone-dependent manner. For a given heterodimer, we would assume that each receptor can bind one molecule of TIF2 in the presence of its cognate ligand. In the presence of both ligands, a tetrameric supershift should appear, whereas in the presence of only one hormone, we would expect an intermediate shift formed by a trimer. Alternatively, there is the possibility that the binding of a second TIF2 molecule is prevented by steric hindrance. In this case only one supershift should be formed in the presence of one or both hormones. As shown above, an intermediate shift was detectable with the IAD variant box 3 in the presence of both hormones, strongly supporting the idea of tetramer formation. To test whether an intermediate shift is reproducibly formed and to further understand the mechanisms by which the different supershifts are formed, we used different hormone combinations in conjunction with different IAD variants in a gel retardation experiment (Fig. 9A) . Whereas IAD Mut 123 and box 1 are not able to interact even in the presence of both hormones (Fig. 9A, lanes  13 to 20) , IAD wt, box 2, and box 3 engaged in hormonedependent interactions. Surprisingly, IAD wt interacted in the presence of both hormones as well as in the presence of only one cognate ligand. Box 2 exhibited the same interaction pattern as IAD wt, whereas box 3 only weakly formed the supershift. Instead of the supershift, the intermediate shift arose in addition to the unbound heterodimer in the presence of single hormones (Fig. 9A, lanes 10 and 11) . After addition of both hormones, the heterodimer is completely upshifted to the intermediate shift (Fig. 9A, lane 12) . Apparently the binding to each receptor is relatively weak in the presence of one hormone only; the presence of two activated receptors leads to additive effects and thereby to the complete upshift, forming a trimeric complex. To get further insight into the formation of tetramers, we used limiting amounts of IAD wt and variant IAD protein in the band shift assay (Fig. 9B) . The lowest concentration of IAD wt also causes the intermediate shift (Fig. 9B, lane 4) . According to their respective different affinities to the receptors, box 2 and box 3 at certain concentrations FIG. 7 . TIF2 competes with other cofactors for binding to nuclear receptors. The in vitro interactions between GST-hTR␣ and IAD wt of TIF2 (A), full-length TIF2 (B), hSRC-1 (aa 1 to 1061) (C), RIP140 (aa 1 to 1158) (D), and RXR␣ (aa 112 to 467) (E) were analyzed in a GST pull-down assay in the absence or presence of 1 M T3 as indicated. The experimental conditions were otherwise similar to those described in the legend to Fig. 3 , except that ca. 1 g of IAD protein was added in lanes 5. The sizes of the major translation products are 20 kDa (IAD), 160 kDa (TIF2), 114 kDa (SRC-1), 127 kDa (RIP140), and 43 kDa (RXR). Lanes 1 represent 50% input. also formed this monomeric shift, representing a single TIF2 IAD molecule bound to the receptor heterodimer (Fig. 9B,  lanes 7, 8, 10 , and 11). For IAD wt and box 2, but not for box 3, the upper, tetrameric shift was favored even when only little trimer formation was detectable (Fig. 9B, lanes 3 and 7) . Additionally, at high concentrations of IAD wt and box 2 protein, the hormone-independent interaction led directly to the tetrameric shift and not, as expected in the case of noncooperative binding, first to a trimeric shift (Fig. 9B, lanes 1 and 5) . We therefore conclude that the receptor interaction of IAD wt and box 2 occurs in a cooperative manner. Binding of one monomer leads to subsequent binding of the second one, forming a tetrameric complex. In contrast to these results obtained with IAD wt and box 2, interactions with box 3 favored the trimeric shift compared to the tetrameric supershift (Fig. 9B, lanes 10  and 11) . We conclude that in contrast to NR box 2, which interacts cooperatively with both receptors, NR box 3 does not contribute to the cooperative binding of IAD wt. Therefore, the potency for cooperative binding of TIF2 IAD to the receptor heterodimer is mediated by NR box 2.
To rule out the possibility that the GST moiety of the fusion proteins is involved in oligomerization and thereby might be at least partially responsible for the observed differences in complex formation, we performed band shift experiments with thrombin-cleaved IAD variants, omitting the GST portion (Fig. 9C) . This experiment was carried out to investigate complex formation of the pure variants in the presence of different hormones. As already observed with the GST fusion proteins (Fig. 9A ) the pure IAD wt and box 2 form a supershift in the presence of the single hormones (Fig. 9C, lanes 4, 5, 8, and 9 ) as well as in the presence of both ligands (Fig. 9C, lanes 6 and  10) . The supershifts formed by IAD wt and by box 2 migrate at the same position. Furthermore, the results with box 3 are consistent with the data shown in Fig. 9A . This variant forms an intermediate shift with an increased mobility compared to the supershifts induced by IAD wt and box 2. This interaction is detectable in the presence of both ligands as well as in the presence of only one ligand (Fig. 9C, lanes 12, 13, and 14) . The pure box 1 and Mut 123, as well as their GST-fused counterparts, are unable to interact with the heterodimer (data not shown). In summary, the differences in interaction observed for the variants are due only to the integrity of different NR boxes present in these variants. The GST moiety has no influence on the differences in interaction. IAD wt and box 2 give rise to a tetrameric shift with the heterodimer, whereas only one box 3 molecule interacts with the receptors, forming a trimer.
We have demonstrated that in the presence of one hormone, only the tetrameric shift is the dominant one in the case of IAD wt as well as box 2. The trimeric shift is favored by box 3 under these conditions (Fig. 9B) . When we compare these results with the data from the band shift experiments analyzing effects of different hormones eliciting cooperative binding (Fig. 9A) , we conclude that the binding of the TIF2 IAD to one receptor strongly facilitates the interaction of the TIF2 IAD with the other receptor even in the absence of its cognate hormone. We therefore suggest that the binding of one molecule of TIF2 to one heterodimeric partner alters the structure of the other heterodimeric protein in such a way that it may now bind to TIF2 without its corresponding hormone (Fig. 10 ). This effect is mediated mainly by NR box 2.
DISCUSSION
In this work we have studied the roles of different NR boxes within the coactivator TIF2. We tested the involvement of these elements in protein-protein interactions with different hormone receptors in several in vivo and in vitro assays in an effort to understand the individual properties of the different interacting motifs and how these properties may lead to certain binding preferences. With our approach of examining the different NR boxes in the context of the entire IAD of TIF2, we took into account the possibility that adjacent amino acid residues might contribute to the binding effects and also that different surface accessibilities might have an influence on the interactions. By generating point mutations in the individual NR boxes, we analyzed binding characteristics of the different mutated motifs separately or in combination with one another in comparison with those of the intact IAD.
We could thus determine the relative binding preferences of the different modules to different receptors. NR box 1 seems to play the major role in RXR binding, NR box 2 is most important for TR and PPAR interactions, and NR box 3 has its strongest impact on GR interaction. Conversely, NR box 2 exhibits no interaction with GR. Possibly steroid receptors in general interact most efficiently with NR box 3, whereas heterodimeric partners of RXR are targets of NR box 2. Arguing against this model, it was shown with NR box peptides in a yeast assay that the corresponding NR box 2 of SRC-1 binds best to ER␣, followed by NR box 1 and NR box 3 (16) . This may reflect differences between SRC-1 and TIF2 or between ER and GR, but the contrasting results may also relate to differences between the experimental approaches.
Considering (i) these differences in interaction preferences between the three NR boxes and (ii) the high conservation of the amino acid residues of the NR boxes between SRC-1, TIF2, and ACTR, we propose that at least the amino acids between the leucine residues but presumably also the N-and C-terminal surroundings of the LXXLL motifs are important for specific receptor interactions. For high-interaction capac- FIG. 8 . TIF2 competes with RIP140 for binding to a TR-RXR heterodimer. Electrophoretic mobility shift assays were performed as described in the legend to Fig. 4 . For analysis of competitive interaction with the heterodimer, bacterially expressed GST-TIF2 and/or His-RIP140 was used. The amounts of protein and the presence or absence of hormones is indicated. 9-cis RA, 9-cis-retinoic acid.
ity, it is apparently significant that of the two amino acids between the hydrohobic residues, one is polar and the other one is basic. Additionally, adjacent to the LXXLL motif, a basic N-terminal region seems to be important for efficient interactions. The flanking C-terminal region often contains polar and acidic amino acids, and their importance for receptor interaction is consistent with the findings that a deletion of the glutamic acid and asparagine residues of the C-terminal region of a RIP140 NR box leads to a strongly decreased binding to ER␣ (16) . It remains to be shown whether these regions are involved in direct protein-protein interactions and therefore play a role in the binding specificities of the different boxes. In addition, the distance between the boxes is well conserved among SRC-1, TIF2, and ACTR. We have provided evidence for binding of more than one box to any tested receptor, and it is therefore most likely that a definite distance between the boxes is a steric prerequisite for binding of more than one box to one receptor at the same time.
The NR box seems to be the major interacting motif existing in TIF2 and other receptor-interacting proteins. So far, no FIG. 9 . (A) Even one hormone is sufficient to form a tetrameric complex. Electrophoretic mobility shift assays were performed as described in the legend to Fig.  4 . For analysis of interaction with the heterodimer, the bacterially expressed GST fusion proteins indicated above the lanes were used. The interaction with TR-RXR was tested in the absence or presence of one or both cognate hormones as indicated. 9-cis RA, 9-cis-retinoic acid. (B) The NR box modules differently affect the formation of the supershift. For analysis of interaction with the heterodimer, the bacterially expressed GST fusion proteins indicated above the lanes were used at 5 g (lanes 1 and 2, 5 and 6, 9 and 10, and 13 and 14), 0.5 g (lanes 3, 7, and 11), and 0.05 g (lanes 4, 8, and 12) . The influence of the presence or absence of hormone was analyzed as indicated. (C) The GST moiety of the fusion protein does not affect the interaction. For analysis of the interaction of the pure TIF2 moiety, this part was generated by thrombin cleavage of the corresponding GST fusion protein and used in electrophoretic mobility shift assays. The proteins indicated above the lanes were used. As a control, no purified protein was added in lanes 1 and 2. The interaction with TR-RXR was tested in the absence or presence of one or both cognate ligands as indicated.
other motif responsible for LBD/AF-2-dependent cofactorreceptor interaction has been described. NR boxes have been found in many of these cofactors, with only the exceptions of SUG1 and ARA70, which do not contain a classical LXXLL motif (41, 46) . However, these proteins also carry NR box-like sequences, possibly serving as interaction motifs. These facts raise two interesting questions. First, why do some interacting proteins harbor more than one motif, and second, why are there so many NR box-containing interacting factors? We showed that for wild-type interaction, depending on the receptor in question, two or all three boxes within TIF2 are necessary. Furthermore, we demonstrated that different motifs show certain preferences for different receptors. The reason for the obvious redundancy in NR box-containing proteins is not yet clear. We have shown here by competition experiments that receptor binding of NR box-containing factors seems to occur according to a general mechanism. The IAD of TIF2 competes with both SRC-1 and RIP140 for binding to nuclear receptors. In contrast to the SRC-1-related coactivators, RIP140 has not been shown to significantly enhance gene transcription mediated by nuclear hormone receptors. In coexpression experiments with mammalian cells, we showed that RIP140 caused a repression of SRC-1-coactivated transcription, suggesting an antagonistic function of both proteins on transcriptional activation (38a). Coactivated transcription probably depends on the relative amounts of different coactivators with distinct binding affinities for certain receptors. This decides which coactivator interacts and which downstream targets will join the receptor-coactivator complex.
In this paper we have described in some detail the IAD and the single interaction motifs of the coactivator TIF2. In contrast, the corresponding interaction interfaces on the receptor are still unknown. Based on our competition experiments, we conclude that neither SRC-1 nor RIP140, which harbors at least nine NR boxes, interacts with a receptor target different from that for TIF2, strongly arguing for a common interaction interface within nuclear receptors responsible for the interaction with NR boxes. As we have shown, the interaction of TIF2 with PPAR is dependent on the presence of helix 12. Helix 12, sometimes also denoted AF-2 AD or 4, is a conserved region present in all members of the steroid and nonsteroid nuclear receptor family (2, 4, 12, 13) . Structural analysis of hormonebound RAR and unliganded RXR indicated that the main receptor conformational change occurring upon ligand binding relates to the orientation of helix 12. Without hormone, helix 12 protrudes from the LBD, whereas it is tightly folded against helix 4 and the ligand binding pocket in the hormone-bound receptor (5, 30, 42) . Coincidentally with this structural change, corepressors dissociate and coactivators bind to the receptors. Here we have demonstrated the binding of three NR boxes within the IAD of TIF2 to one receptor. For the tested receptors we observed at least additive effects when binding of all three boxes occurred, providing evidence for binding of all boxes at the same time. As we know from the dimerization interface between the subunits in ER␣ homodimers, which contains LXXLL motifs, the interaction engages a region of about 12 aa (6). Although the involved LXXLL motifs in ER␣ are not conserved within the nuclear hormone receptor family and are not of the type contacting the LBD/AF-2 motif, it is nevertheless not unlikely that ER␣ homodimerization might occur via a type of interaction similar to that between cofactor and receptor. Assuming that a binding analogous to that between the ER␣ subunits in the homodimer also occurs between the NR box in TIF2 and a receptor, a region of at least 12aa residues should be involved. Simultaneous binding of two or three NR boxes to one receptor would necessarily involve more regions in the receptor than exclusively helix 12. We therefore suggest that binding of ligand to the receptor LBD results in a conformational change creating a coactivator-binding interface consisting of helix 12 as well as other regions, probably helix 3 and/or helix 4.
Recently, allosteric effects between heterodimeric nuclear receptor partners have been suggested. It was shown that heterodimerization with RXR leads to an increase in solubility and stability of the partner (26) . In studies of RAR-RXR dimers, it was demonstrated also that the ligand binding affinity of RXR is dramatically reduced after heterodimerization (14, 22) . A novel mechanism of receptor activation upon heterodimerization has been described for the OR1-RXR heterodimer. The orphan receptor OR1 is activated not only by the presence of ligand but also by conformational changes as a result of heterodimerization with RXR, even in the absence of OR1 ligand (43) . Receptor ligands also play an important role in allosteric activation or inhibition. For instance, formation of TR-RXR heterodimers is facilitated by the presence of T3 (10) . The ligand binding affinity of RXR, which is inhibited upon heterodimerization with RAR and TR, is restored after ligand activation of RAR and further inhibited by T3 (14) . Apparently heterodimerization leads in both cases to structural rearrangements. Binding of ligand causes conformational changes in the cognate receptor (37) , generating an allosteric rearrangement in the partner receptor. This allosteric conformational change can result in hormone-independent activation of the partner receptor of RXR, as recently shown for RXR-RAR and RXR-PPAR heterodimers. This allosteric effect, described as the phantom ligand effect, is thought to alter the structure of the heterodimeric partner into a quasiactivated conformation which allows coactivator binding (32a).
Here we suggest a new model also involving coactivators in allosteric effects. We have shown by GST pull-down experiments that the IAD of TIF2 binds to receptors strictly depending on the presence of ligand. Addition of both ligands to a heterodimeric complex leads to conformational changes in the cognate receptors that allow cofactor association (Fig. 10A) . This is consistent with the findings in our GST pull-down assays revealing that each of the receptors interacts with the IAD in the presence of ligand. However, addition of a single ligand also leads to the association of two TIF2 molecules, indicating that the unbound receptor also interacts with TIF2. We suggest that in the presence of a single ligand recognizing one of the subunits of the DNA-bound TR-RXR heterodimer, the induced interaction with one molecule of TIF2 subsequently leads to the binding of an additional molecule of TIF2 to the partner receptor even in the absence of its cognate ligand. (Fig. 10B) . We therefore propose that TIF2 interaction with one receptor causes conformational changes within the heterodimeric partner receptor via the dimerization interface. As discussed above, a prerequisite for receptor-cofactor interaction is an intact helix 12, which is rearranged after ligand binding. Therefore, we believe that the conformational changes in the heterodimeric partner caused by coactivator binding to the first receptor lead to a quasi-ligand-induced structure allowing the second cofactor molecule to interact with the second receptor even in the absence of its cognate ligand.
